Acinar-to-ductal metaplasia in the pancreas is associated with an increased risk for tumorigenesis. Molecular dissection of this process in vitro has shown that primary acinar cells, in response to EGF receptor ligands, can transdifferentiate into duct-like epithelia, passing through a nestin-positive intermediate, in a Notch pathway-dependent manner. Here, we show that in vitro acinar transdifferentiation depends on matrix metalloproteinase 7 (MMP-7), a proteinase expressed in most metaplastic epithelia in vivo. MMP-7 was found to be required for Notch activation, which leads to dedifferentiation of acinar cells to the nestin-positive transitional cell. Besides being necessary for acinar transdifferentiation, it was found that MMP-7 activity was sufficient to induce the process, indicating that molecular signals capable of initiating MMP-7 expression also have the potential to induce formation of metaplastic epithelia in the pancreas.
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metaplasia ͉ nestin ͉ pancreatic cancer ͉ matrilysin P ancreatic ductal adenocarcinoma (PDA) is one of the most fatal human cancers. Pathological evidence strongly suggests that PDA arises from premalignant lesions known as pancreatic intraepithelial neoplasia (PanIN) (1) . Although there is evidence that PanINs arise from a preexisting stem cell population (2), a second possible preneoplastic lesion is the metaplastic duct lesion (MDL), which is found predominantly associated with PDA as well as with chronic pancreatitis (CP), a risk factor for PDA (3) . MDLs appear to arise from acinar-to-ductal metaplasia (ADM), in which acinar cells are progressively replaced by duct-like epithelia that are hypothesized to possess progenitor cell-like properties (4) .
The matrix metalloproteinases (MMPs) comprise a family of extracellular, zinc-dependent proteinases frequently expressed in cancer (5) . MMPs can collectively degrade all components of the extracellular matrix (ECM), suggesting a role in tumor invasion. However, evidence derived from mouse genetics has shown that MMPs contribute to multiple stages of tumor progression, including tumorigenesis and tumor growth, often by cleaving non-ECM substrates (6) .
The MMP family member MMP-7 is expressed by the tumor cells of many adenomas, adenocarcinomas, and by associated metaplasia, including in colon (7) , stomach (7) , and the majority of PDAs, at all PanIN stages, and in 100% of tumor-associated MDLs (8) . Animal models have supported a role for MMP-7 in tumorigenesis and early tumor growth. In Apc Min mice, MMP-7 deficiency inhibits intestinal tumor formation (9) . Conversely, overexpression of MMP-7 in the mammary gland in the MMTVNeu transgenic background accelerates tumor formation (10) . Together, these data suggest that MMP-7 acts early in adenoma progression, perhaps in tumorigenesis itself. Although its role in PDA has not been directly addressed, in a mouse model of CP, all aspects of disease progression are inhibited in MMP-7-deficient (MMP-7 Ϫ/Ϫ ) mice, including MDL formation (8) . Many MMP-7 substrates have been linked to aspects of PDA progression, including syndecan-1 (11, 12) , E-cadherin (13, 14) , and TNF-␣ (15, 16). In mouse CP, FasL was determined to be a relevant in vivo MMP-7 substrate that controls acinar cell apoptosis (8) . However, these data do not provide a satisfactory explanation as to why MDL formation is inhibited in MMP-7 Ϫ/Ϫ mice. Indeed, given the inhibition of all aspects of CP progression in this model, including inflammation, fibrosis, apoptosis, and metaplasia, it was impossible to determine whether the processes are independent of one another.
ADM can be simulated in vitro by treating primary acinar cell explants embedded in three-dimensional fibrillar collagen with TGF-␣ (17) . In this system, acinar cell differentiation is progressively lost with a reciprocal increase in duct cell differentiation, as determined by expression of cell-specific molecular markers. Recent studies have shown that this in vitro ADM represents a true cellular transdifferentiation, in which cells pass through a nestin-positive intermediate (18) , and requires activation of the Notch receptor family (19) .
Typically, Notch receptors (Notch 1-4) are activated upon interaction with one of their ligands (Jagged or Delta-like) on an adjacent cell (for review, see 20) . Upon ligation, the extracellular portion of Notch is cleaved by a metalloproteinase followed by intramembrane cleavage by a presenilin-dependent ␥-secretase. The newly liberated Notch intracellular domain (Notch-ICD) translocates to the nucleus where it interacts with the DNAbinding protein CSL [CBF-1/RBP-J, Su(H), Lag-1], converting it from transcriptional repressor to transcriptional activator. Notch-ICD-CSL complexes activate transcription of genes such as Hairy Enhancer of Split (hes1), which function to block cellular differentiation. Notch blocks pancreatic acinar cell differentiation (21, 22) through the inactivation of PTF1, a transcription factor complex required for acinar differentiation, by Notch-ICD displacing Ptf1a from CSL (23), as well as by HES1 directly interacting with and blocking Ptf1a function (24) .
Here, we have used the acinar cell explant model of ADM to test the direct contribution of MMP-7 to acinar transdifferentiation. We have determined that MMP-7 was expressed in response to TGF-␣ and that primary acinar cells derived from MMP-7 Ϫ/Ϫ pancreata did not convert to duct cells. Experiments to determine the hierarchy of MMP-7 among other molecules that contribute to acinar transdifferentiation supported a model in which MMP-7 cleaves and activates Notch to induce the transition to the nestin-positive intermediate and thus for ADM.
progression in vivo, including formation of MDLs (8) . However, the complexity of the in vivo model makes it difficult to determine how MMP-7 affects MDL formation. To test the hypothesis that MMP-7 directly controls ADM, we used a simplified in vitro system in which pancreatic tissue explants enriched in acinar, centroacinar, and associated terminal duct epithelium, and depleted of stromal and islet cells, are embedded in a three-dimensional collagen matrix and treated with TGF-␣. The ensuing transdifferentiation, which passes through a nestinpositive intermediate (18) , concludes with the appearance of a cytokeratin-19 (CK-19)-positive ductal phenotype within 5 days in culture (19) .
To test the appropriateness of this system for assessing MMP-7 function in acinar transdifferentiation, we first determined whether MMP-7 was expressed under these culture conditions (Fig. 1) . Acinar explants were prepared from pancreata of wild-type or MMP-7 Ϫ/Ϫ mice, and the explants were embedded in collagen and treated with TGF-␣ under low-serum conditions. Duplicate cultures were fixed on consecutive days, and MMP-7 expression was determined by immunofluorescence, with MMP-7 Ϫ/Ϫ explants as a negative control [supporting information (SI) Fig. 9 ]. At day 0, MMP-7 was not detected, with strong expression found in 5.2% of acinar clusters on day 1, increasing to 54.5% on day 2, and to 69.7% on day 3 (Fig. 1) . Expression of MMP-7 in these cultures was confirmed by semiquantitative RT-PCR (see SI Fig. 9 ).
We then tested whether MMP-7 was necessary for acinar transdifferentiation. Wild-type and MMP-7 Ϫ/Ϫ cultures were treated as before, fixed on days 0, 3, and 5, and examined for the acinar and ductal markers amylase and CK-19, respectively, by coimmunofluorescence ( Fig. 2) . By day 5, wild-type explants developed an amylase-negative, CK-19-positive ductal phenotype in Ϸ80% of cell clusters ( Fig. 2 A-C) . In contrast, acinar cells from MMP-7 Ϫ/Ϫ mice maintained a predominantly acinar phenotype in 85% of cell clusters, confirmed by the persistence of amylase and the absence of CK-19 expression throughout the culture period ( Fig. 2 D-F) . To confirm that the block in transdifferentiation in MMP-7 Ϫ/Ϫ cultures was the result of the immediate lack of MMP-7, we added active recombinant MMP-7 (rMMP-7) to the culture medium, which restored CK-19 positivity to 68% of MMP-7 Ϫ/Ϫ cell clusters ( Fig. 2 G-I ). We conclude that in vitro acinar transdifferentiation is highly dependent on MMP-7.
MMP-7 and Notch Are Required for Transition to the Nestin-Positive
Intermediate. The Notch pathway has been shown to be responsible for maintaining stem and progenitor cell populations and blocks pancreatic acinar differentiation (22) . In acinar transdifferentiation, acquisition of the ductal phenotype is controlled by the Notch pathway (19) . To investigate whether Notch and MMP-7 functionally interact in this system, we set out to define where both act during the process. Initially, we examined the effects of ␥-secretase inhibition, which blocks intracellular Notch processing, on the transition to the nestin-positive intermediate. In wild-type acinar cells, nestin expression was discernable by immunofluorescence by day 3 (Fig. 3A) , as reported (18) . In the presence of the ␥-secretase inhibitor (GSI), WPE III-31C, nestin expression was not detected at day 3 ( Fig. 3B ) nor at any point in the 5 days of culture (data not shown). Because the GSI can block the intramembrane cleavage of many proteins, we tested whether activating the Notch pathway could rescue nestin expression in the presence of the GSI. Indeed, infection with an adenovirus encoding the intracellular domain of Notch-1 (Ad-N1ICD), restored nestin positivity in the GSI-treated cultures ( Fig. 3C ), indicating that Notch is the relevant ␥-secretase substrate in the assay. In parallel experiments, we found that MMP-7 Ϫ/Ϫ acinar cells failed to initiate nestin expression at day 3 ( Fig. 3D) or at any point during the 5-day culture period (data not shown). Also, GSI treatment had no effect on MMP-7 expression itself (see SI Fig. 10 ). Thus, activity of both Notch and MMP-7 was required for transition to the nestin-positive intermediate, and MMP-7 did not appear to be a downstream target of Notch.
Notch-ICD Bypasses the Requirement for MMP-7.
Because Notch and MMP-7 appeared to be working in the same part of the transdifferentiation process, we set out to test whether they acted as components of the same pathway or independent essential pathways. To distinguish between these possibilities, we infected wild-type and MMP-7 Ϫ/Ϫ acinar explants with Ad-N1ICD-V5 to induce transdifferentiation, instead of TGF-␣, with a GFPencoding adenovirus (Ad-GFP) as a negative control (Fig. 4) . GFP and V5 immunofluorescence were used to confirm infection efficiency, consistently Ϸ90%. At 3 days after infection, cells were fixed and analyzed for CK-19 expression to test for acinar transdifferentiation. GFP controls showed negligible conversion to a ductal phenotype (Fig. 4 C and I) , whereas Ad-N1ICD-V5-infected cultures showed conversion of a majority of cells, approximately equivalent to the infection efficiency, in both wild-type and MMP-7 Ϫ/Ϫ cultures (Fig. 4 F and L) . Thus, Notch activity bypassed the requirement for MMP-7, suggesting that Notch acts downstream of MMP-7 in a common pathway.
The ability of Notch to induce transdifferentiation in MMP-7 Ϫ/Ϫ acinar cells suggested that MMP-7 acts upstream of Notch. To address this possibility directly, we tested whether MMP-7 was sufficient to induce Notch-dependent transdifferentiation. We performed the acinar transdifferentiation assay with wildtype acinar explants, replacing TGF-␣ with rMMP-7. Coimmunofluorescence for amylase and CK-19 showed that by day 5, MMP-7 induced the ductal phenotype (Fig. 5A ). This process was blocked by GSI (Fig. 5B) as well as by infection with an adenovirus encoding a dominant-negative form of RBP-J (25) (Fig. 5 C and D) , which blocked CSL-dependent reporter activity (see SI Fig. 11 ). Together, these data confirm that MMP-7 acts upstream of Notch to induce transdifferentiation.
MMP-7 Activates Notch. The most obvious model that fits the previous data is one where MMP-7 cleaves the extracellular domain of Notch, inducing subsequent ␥-secretase intramembrane cleavage to form active Notch. To examine this possibility in detail, we moved to a system more amenable to biochemical analysis but with minimal background protease activity. We transfected COS-7 cells with a construct encoding full-length Notch-1 with a C-terminal V5 tag (Notch-1-V5) and treated them with molar equivalent amounts of recombinant pro-MMP-7 or active MMP-7. To analyze Notch processing by immunoblot, we used an antibody (Cleaved N1 Val-1744) that is specific for the neoepitope of Notch-1 exposed after ␥-secretase cleavage. Notch cleavage was induced only by active MMP-7 (Fig. 6A) . As a control for antibody specificity, cells were treated with WPE III-31C along with active rMMP-7 (Fig. 6A) , which eliminated the appearance of the neoepitope. In a time course, we found that ␥-secretase-cleaved Notch-1 was evident 2 h after the addition of rMMP-7 (Fig. 6B) . Titration of rMMP-7 showed that as little as 2 ng/ml enzyme induced ␥-secretase processing of Notch-1, with optimal cleavage occurring with 20 ng/ml rMMP-7 (Fig. 6C) . For independent confirmation of MMP-7-induced Notch processing, we performed immunoblots for the C-terminal V5 tag (Fig. 6D) , which revealed a size shift in the overexpressed protein consistent with P2 and P3 site processing (26) .
Continuing along the Notch pathway, we examined nuclear translocation of the Notch-ICD. COS-7 cells transfected with the full-length Notch-1-V5 expression vector were treated with medium alone or with medium containing active rMMP-7. After 4 h of treatment, cells were fixed and analyzed by coimmunofluorescence ( Fig. 7 A and B) . V5 reactivity indicated transfected cells, and Cleaved N1 Val-1744 reactivity indicated Notch activation. With MMP-7 treatment, 34% of expressing cells exhibited cleaved nuclear Notch-1 compared with 10% of cells without MMP-7 (Fig. 7C) .
Hes1, a Notch target gene, is often analyzed as an indication of Notch activity (19) . Using semiquantitative RT-PCR, we assayed for hes1 transcript after MMP-7 treatment. COS-7 cells were transfected with Notch-1-V5 and treated with medium alone or medium containing active rMMP-7 for 4 h. EDTAinduced Notch activation (27) was used as a positive control. Relative to medium alone, hes1 was up-regulated 4.4-fold in response to rMMP-7 and 6.2-fold in response to EDTA (Fig.  7D) . Collectively, these data indicate that MMP-7 activity can lead to Notch-1 ␥-secretase cleavage, nuclear translocation, and target gene expression.
MMP-7 Activates Notch in Acinar Cell Explants.
With the observation that MMP-7 is necessary and sufficient to induce Notchdependent acinar transdifferentiation and can induce Notch processing in COS-7 cells, we wanted to confirm that MMP-7 was required to activate endogenous Notch in acinar cells. First, we tested whether Notch-1 was expressed in wild-type and MMP-7 Ϫ/Ϫ acinar cells by immunofluorescence and RT-PCR. We found that both wild-type and MMP-7 Ϫ/Ϫ acinar explants expressed Notch-1 protein and transcript at day 0 (see SI Fig. 12) . Thus, neither TGF-␣ nor MMP-7 was required for Notch-1 expression. We then used Cleaved N1 Val-1744 immunofluorescence to determine the status of Notch-1 activation in these cells. Wild-type acinar cells exhibited cleaved Notch-1 by day 3 in the majority of clusters, whereas MMP-7 Ϫ/Ϫ acinar cells did not show immunoreactivity at day 3 ( Fig. 8 A and B) , or at any time during the assay. Cleaved Notch-1 immunofluorescence could be restored by including rMMP-7 in the cultures (Fig. 8C) . As a final confirmation of MMP-7-dependent Notch activation, we tested for the expression of Notch target genes hes1 and hey1 in the explants. We found that MMP-7 Ϫ/Ϫ explants expressed 2.1-and 2.3-fold lower hes1 and hey1, respectively, and that expression was restored when the cultures were supplemented with rMMP-7 (Fig. 8D) . We conclude that MMP-7 is necessary for appropriate Notch processing and activation in primary acinar cells.
Discussion
Acinar-to-ductal metaplasia is strongly associated with pancreatic tumorigenesis (28, 29) . Previous studies have shown that metaplasia in vivo is marked by expression of Notch target genes and, in vitro, Notch signaling is both necessary and sufficient for acinar-to-ductal transdifferentiation (19) . Our previous in vivo studies have linked MMP-7 to the formation of MDLs in a duct obstruction model of CP (8) . In the current work, we have shown that MMP-7 is both necessary and sufficient for activation of Notch signaling in acinar cells, which leads to dedifferentiation to a nestin-positive intermediate that precedes acquisition of a ductal phenotype. Consistent with this result, we find that nestin expression and Notch cleavage temporally coincide (see SI Fig. 13 ).
In this in vitro system, MMP-7 appears to function as a key mediator between TGF-␣ and Notch activation. MMP-7 expression requires TGF-␣ but not Notch activity. Notch-1 expression is constitutive, irrespective of TGF-␣ or MMP-7, but its cleavage by ␥-secretase requires MMP-7. Dominant-active Notch-1 or Notch-2 can restore transdifferentiation in MMP-7 Ϫ/Ϫ acinar cells, and MMP-7 can process both Notch-1 and Notch-2 (see SI Fig. 14) to generate the active ICD domain that can travel to the nucleus and initiate target gene transcription.
The dependence of Notch activation on MMP-7 in this system is surprising. During development, Notch signaling typically works by Notch binding to its ligand on an adjacent cell, which induces the ligand-binding domain to be transendocytosed into the ligandexpressing cell (20) . This process exposes the transmembrane domain to cleavage by ADAM proteases (26, 30) . Interestingly, ligand-dependent proteinases are clearly present in COS-7 cells because overexpression of Jagged-1 induced robust activation of a CSL reporter construct in the absence of rMMP-7 (data not shown). Also, using a Notch-2 construct tagged on N and C termini, we found that the ligand-binding domain was not transendocytosed but released into the medium in the presence of rMMP-7 (data not shown). Finally, rMMP-7 can directly cleave peptides containing the P2 cleavage site of the extracellular domain of Notch-1 (data not shown). We hypothesize that overexpressed, secreted MMP-7, unlike membrane-bound ADAMs, can access the P2 cleavage site without ligand, albeit inefficiently, to cleave Notch. It is also possible that MMP-7 may act indirectly by activating ADAMs; however, ADAM activation has been reported to occur intracellularly by a furin-like enzyme (31) , making this possibility unlikely.
Despite the finding that Notch activation requires MMP-7 in this system, our data do not contradict what has been shown. We propose that Notch signaling in development is controlled by ligand-dependent cleavage by ADAMs. Consistent with this proposal, MMP-7 Ϫ/Ϫ mice show no developmental defects attributable to impaired Notch activity, whereas ADAM-null mice do (32) . However, we postulate that in disease, Notch processing can follow an alternate activation mechanism induced by an abundance of MMP-7 and perhaps other proteases that are hyperexpressed in a given pathological condition. In this context, it is interesting that another in vivo disease model has been shown to depend on both Notch and MMP-7: intestinal tumor formation in Apc Min mice. Blocking Notch activity with a GSI inhibits tumor progression in this system (33) , whereas adenoma formation is suppressed in a MMP-7 Ϫ/Ϫ background (9).
In conclusion, data from the current and previous studies (19) have supported a model in which Notch signaling is required for acinar cells to dedifferentiate and convert to MDLs. Recently, it has been shown that K-ras, the most commonly mutated oncogene in PDA, requires tissue damage to induce PDA when expression of the mutant K-ras is confined to adult acinar cells (34) , lending support to the hypothesis that MDLs can act as preneoplastic lesions. Thus, Notch inhibition may prove useful in preventing pancreatic disease progression of both CP and PDA. Previous studies would suggest that ADAM-specific inhibitors would be one way to prevent Notch activation, but our data suggest that broad-spectrum MMP inhibitors may be required to block this pathway fully in pancreatic disease. 
Materials and Methods
Mice. The C57BL/6J MMP-7 Ϫ/Ϫ mice were a gift from Lynn Matrisian (Vanderbilt University, Nashville, TN). Control C57BL/6J animals were purchased from The Jackson Laboratory. Animals were bred and maintained in a maximum isolation facility in the Division of Laboratory Animal Resources at Stony Brook University. All protocols herein were approved by the IACUC at Stony Brook University.
Primary Acinar Cell Cultures. Primary acinar cell cultures were prepared by modifying published protocols (18) . Transdifferentiation events were induced by addition of 50 ng/ml recombinant TGF-␣ (Chemicon International) or 200 ng/ml active rMMP-7 (Calbiochem) to medium. Where indicated, acinar cells were treated with 20 M WPE III-31C (Calbiochem) in dimethyl sulfoxide. Cultures were maintained in a 37°C and 5% CO 2 incubator for 5 days with medium replaced on days 1 and 3 (for details, see SI Materials and Methods). Suspensions were mixed with collagen in medium without growth factors. Notch Cleavage. COS-7 cells were cultured in DMEM ϩ 10% FBS at 37°C in a humidified 95% air/5% CO 2 incubator. Cells (4 ϫ 10 5 ) were transfected with 5 g of pCDNA4V5-Notch-1 (gift from Deena Small, University of New Hampshire, Durham, NH), with Lipofectamine 2000 (Invitrogen). Forty-eight hours later, the medium was replaced with OptiMEM (Invitrogen), containing 100 ng/ml pro-MMP-7 (Calbiochem), 0-200 ng/ml active rMMP-7 for 2-18 h, or 20 M WPE III-31C, as indicated. For EDTA activation, cells were washed in PBS and incubated in PBS ϩ 10 mM EDTA for 15 min at 37°C. Cells recovered in DMEM for 4 h. For Western blotting, cells were washed in ice-cold PBS and lysed in ice-cold RIPA buffer (1% Nonidet P-40, 1% sodium deoxycholic acid, 0.1% SDS, 150 mM NaCl, 1 mM NaHPO 4 , 0.2 mM EDTA, plus protease inhibitors). Twenty micrograms of lysate was resolved on a 5% SDS/polyacrylamide gel, transferred to nitrocellulose, blocked in 5% milk/TBST, and probed with primary antibody overnight at 4°C, followed by secondary antibody, and visualized by chemiluminescence.
RT-PCR Analysis. Total RNA was extracted by using the RNeasy mini kit (Qiagen). cDNA was synthesized by using SuperScript II reverse transcriptase (Invitrogen), and PCR was carried out for targets with 25, 30, and 35 cycles to confirm linear range (for primer sequences, see SI Materials and Methods). The signal was normalized by amplification of GAPDH for 22, 28, and 32 cycles.
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